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In March 1961, W.W. Hunt and R.E. Huffman presented an invited paper,
"The Formation and Reactions of Ions in the Upper Atmosphere," at the

National Meeting of the American Chemical Society in St. Louis. This note

reviews the literature studies of ion formation and electron attachment pro-

cesses in the upper atmosphere made in preparation of the paper. A separate

report covering the reactions of ions in the upper atmosphere is to be published

by W.W. Hunt.

It is hoped that this note accurately describes the present state of know-

ledge concerning this important area of GRD in-house and contractual research.
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Abstract

The present state of our knowledge concerning the formation of positive

and negative ions in the earth's normal ionosphere will be reviewed. The

main process by which positive ions and electrons are formed in the ionosphere

is photoionization of neutral constituents by solar vacuum ultraviolet radia-

tion. Negative ions are formed primarily by direct attachment of electrons

to certain neutral constituents. Existing values of the cross sections and

rate coefficients of these processes will be presented and gaps in the present

knowledge will be discussed.
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THE FORMATION OF IONS IN THE UPPER ATMOSPHERE

Introduction

The result of interpreting field observations of atmospheric phenomena

in the light of laboratory observations is a recognition of the main processes

occurring i,, the charged gas regions of the upper atmosphere. The recogni-

tion of the important reactions enables future laboratory effort to be chan-

neled in the most fruitful directions. This review covers information avail-

able in the literature concerning laboratory investigation of the processes

which are considered most important, and indicates the areas in which the

greatest priority for additional research exists. Wherever it is possible,

presently accepted rate coefficients or cross sections will be given. How-

ever, it must be emphasized that this general area of investigation is re-

ceiving much attention, primarily because of space science implications, and

that revised numbers and concepts may be expected at frequent intervals.

Since this review will concern only reactions in which charged species are

created, many important atmospheric chemical reactions among neutral

atoms and molecules will not be discussed here.

After a brief description of the general parameters of the upper atmos-

phere and the ionosphere, the processes yielding positive and negative ions

in the ionosphere will be described. These processes are photoionization by

solar vacuum ultraviolet radiation, yielding positive ions and electrons, and

attachment of electrons to neutral atoms and molecules, producing negative

ions. Areas of greatest priority for further effort will be indicated.

This review is concerned with the normal ionosphere formed in the

altitude range from 50 to 500 kilometers. Special effects connected with the

auroral zones and solar storms are not of concern here. The main neutral

chemical species over this region include nitrogen and oxygen molecules (N2

and 02) and nitrogen and oxygen atoms (N and 0). The energies of neutral

and ionized atoms, molecules, and electrons are mainly the thermal values

at the altitude in question, and, therefore, only this energy range is considered

here. The temperature varies from about 2000K to an estimated value over

10000K; the pressure varies from 1 mm to 10 "8 mm Hg. The average day and

(Author's manuscript approved for publication, 6 Oct 1961)
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night values of the electron concentration are shown in Figure 1, taken from the
18

Handbook of Geophysics. In all cases the electron concentration is smaller

than the ion concentration, as approximate values in Table 1 illustrate.

Table 1 illustrate.

Table 1. Neutral and Electron Concentrations in the Upper Atmosphere

Altitude log 0 (neutrals/cm ) log 1 0 (electrons/cm3

100 12.8 4.2

200 9.9 5.8

500 7.8 6.1

The electron concentration decreases considerably at night at the lower

altitudes, but quite significant equilibrium concentration levels are maintained

in the F region. The atmospheric neutral densities in this altitude region are

subject to considerable revision at the moment, especially at the higher

altitudes.

The composition of the ionosphere has been measured by Johnson,

Heppner, Holmes, and Meadows with rocket-borne radio frequency mass

spectrometers. 20 The results of three flights are shown in Figure 2, where

the percentage of each specie as a function of altitude is recorded. It is

apparent that the most abundant positive ions are NO, 02 + and e+ . Other

flights by this group examined the negative ion species and found, surprising-

ly, that almost the entire negative ion spectrum was obtained at mass 46,

which has been interpreted to be NO 2 , the negative ion of nitrogen dioxide.

More complete information concerning theories, techniques, and older data

on the ionosphere may be found in the book by Mitra 2 2 . The physical model

for ionospheric "layer" formation, first proposed by Chapman1 0 for the re-

lated problems of the atomic oxygen and ozone layers, is also summarized in

Mitra.
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1. Formation of Ions

PHOTOZATION

Photoionization of the neutral atoms and molecules of the atmosphere

to yield positive ions and electrons is the most important process by which

the normal ionosphere is maintained. Although auroral and solar storm effects

are produced in part by other means, solar electromagnetic radiation in the

vacuum ultraviolet portion of the spectrum is primarily responsible for the
4 32 22ionization processes, as discussed by Bates , Watanabe , and Mitra

The present discussion will therefore be restricted to wavelengths between

about 1400 and 100 A (9 to 120 electron volts), where the energy of the photon

is sufficient to ionize the atmospheric constituents and there is known to be

sufficient solar radiation flux to cause measurable effects.

The first ionization potentials of atmospheric atoms and molecules are

listed in Table 2. This energy must be supplied by a photon to separate an

electron from the neutral atom or molecule. The methods of obtaining the
32

ionization potential are beyond the scope of this review. It should be
pointed out that the major atmospheric atoms and molecules, N20 02# 0 and

N. require photon wavelengths below 1050 A (11.8 ev). Nitric oxide (NO) re-

quires wavelengths below 1340 A (9.25 ev) for photoionization, making it the

easiest atmospheric diatomic molecule to ionize. Therefore, its large

abundance as a positive ion, compared to its low abundance as a neutral

specie, is made plausible.

As solar radiation passes through the earth's atmosphere, all wave-

lengths below about 3000 A are removed by absorption processes of various

types. The ionization processes of most importance at any given altitude may

be determined from the absorption laws by use of the solar flux incident at

this altitude, the particle concentration of the specie of interest, and the

photoionization cross section. The radiation flux and the particle concentra-

tion must be determined in the atmosphere itself, while the photolonization

cross section is best determined in the laboratory. The solar flux at an
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Table 2. Ionization Potentials of Atmospheric Atoms and Molecules

Wavelength Energy
Specie (A) (ev) Reference

o 910.7 13.614 Moore, N. B. S. 2 3

N 852.7 14.54 Moore, N. B.S. 2 3

36N 2  795.7 15.580 Worley and Jenkins

0 2  1026.7 12.075 Watanabe, et al? I

NO 1340.3 9.25 Watanabe, et al! 0

NO 2  1270.3 9.76 Watanabe, et al. 4

altitude within the sensible atmosphere is dependent upon all of the absorp-

tion processes occurring above this altitude. Therefore, the solar flux at a

given altitude and wavelength is a function of the solar flux incident upon the

earth's atmosphere, the number of molecules from the "top' of the atmos-

phere to the given altitude. and the total absorption cross section for each

atmospheric specie of interest. Laboratory measurements, therefore, are

most concerned with the total absorption and the photoionization cross sec-

tions.

The total absorption cross section is defined by the expression:

I (W) =I° (X) exp (-a(X) n 0)

where I ( ) and I () are the incident and transmitted radiation intensities, a

(X) is the total absorption cross section, n0 is the number of gas molecules
3

per cm at standard conditions (Locksmit's number), and I is the radiation

path length reduced to the equivalent distance at standard conditions of temp-

erature and pressure. The ionization cross section is defined by the relation:

a (X) = f (X) o X)

where f (X) is the ionization efficiency, or the fraction of absorbed photons

which produce ionized particles of any type, and a i (Q is the ionization cross

section. Other cross sections may, of course, be defined for processes
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leading to specific ionized fragments or excited states.

As intimated in the last paragraph, photons of the typical energies con-

sidered here may react through a number of different processes following

absorption. The most important possibilities for the present purposes are

summarized in Table 3, using the oxygen molecule as an example. All of

these processes except dissociation, ion-pair formation, and dissociative

ionization, are possible with atomic species as well. Excitation processes

(a.) occur at specific wavelengths, as seen in the typical molecular vibration-

rotation bands and atomic lines. Preionization (g.) occurs in absorption

bands or lines which are abnormally broadened. All of the other dissociation

and ionization processes [(b.). through (f.)] yield absorption continua

which occur over wide wavelength intervals. Ionization continua typically

rise, as a step function at the ionization potential, to a plateau value which

decreases slowly at still lower wavelengths. More typically, however, the

threshold energies of other electronic configurations are exceeded, and their

contributions are superimposed upon the first ionization continuum. In addi-

tion, other lines or bands extrapolating to higher ionization potentials, and in

some cases broadened by preionization, are superimposed on the ionization

continua. Although values for individual atoms and molecules vary widely.

the absorption processes are listed in Table 3 in order of the photon energy

typically required, with the least energetic processes being listed first. The

experimental and theoretical techniques used to understand the absorption

processes occurring in atmospheric gases are beyond the scope of this re-
32, 34

view

In the following paragraphs, photoionization and total absorption cross

sections for atmospheric gases are summarized. In order to present a use-

ful treatment of the data, the wavelengths of interest are limited to values

between the first ionization potential and the lowest wavelengths which have

been investigated. In addition, data is presented only for nitric oxide (NO),

nitrogen molecule (N 2), oxygen molecule (02), oxygen atom (0), nitrogen

atom (N), and nitrogen dioxide (NO 2 ). although many other atmospheric

gases occurring in minor amounts have been studied. The values of the

photoionization and/or the total absorption cross sections are given as a

function of wavelength, so that the present status of the available data and
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Table 3. Photon Absorption Processes

(a.) Excitation 02 + h' = 02

(b.) Dissociation 02 + h' = 0 + 0

(c.) Ionization (ground state) 02 + hi = 0 2 + e

(d.) Ionization (excited states) 02 + h. = 02 + *

(e.) Ion pair formation 02 + hv = 0 + O"

(f.) Dissociative ionization 02 + hi = 0 + 0 + e

(g.) Preionization 02 + hi = 02*0 +

the approximate values of these cross sections can be evaluated. It must be

mentioned that more weight has been given to photoelectric than to photo-

graphic data, since the latter technique is difficult even with the most pains-

taking attention to detail. These processes have been reviewed by Watanabe, 32

34 19 13Weissler 4 Inn , and Ditchburn

Nitric oxide (NO) ionization and absorption measurements are shown in

Figure 3, which contains the results of ionization cross-section measurements

by Watanabe 3 0 and absorption cross-section measurements by Marmo 2 1. Al-

though present in extremely small concentrations in the atmosphere, this

molecule has been very carefully studied, since it may be ionized by

hydrogen Lyman alpha solar radiation and thereby form the D layer of the

ionosphere at about 90 km altitude. The great amount of data resulting from

its low ionization potential makes it a useful example of the detailed study

which should be given to all atmospheric species. The ionization cross sec-

tion rises sharply at the ionization potential and increases in a series of

steps which have been interpreted as vibrational structure of the nitric oxide
0

ion. Below wavelengths of about 1220 A, the ionization and absorption cross

sections have about the same value, indicating that the ionization efficiency is

near unity. With other molecules this may not be the case. The situation

below 1000 A is shown in Figure 4, which shows the work of Granier and
16  26Astoin , and Sun and Weissler . It can be observed that the cross sections
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are not as well established in this region and more work is necessary. Rough

agreement of the cross section and the general shape in overlapping wave-

length regions indicate the data give satisfactory preliminary information.

Nitrogen (N2 ) cross sections are shown in Figure 5, which contains data

of Astoin and Granier 2 ; Curtis 1 ; Weissler, Lee, and Mohr 3 3 ; and Wainfan,

Walker, and Weissler 2 8 . Nitrogen is quite transparent to wavelengths above
S

about 1000 A, but at lower wavelengths it absorbs in strong bands and a
C

strong ionization continuum beginning near 800 A. The curves shown were

obtained as the envelope of the lowest absorption cross sections found at a

number of discrete atomic lines produced by the light source used. Absorp-

tion data obtained with a wavelength continuous (continuum) light source will

be needed to resolve the detailed shape of the nitrogen continuum. The

absorption data available indicate a cross section of about 1 or 2 x 10 17 cm 2

in the plateau above the first ionization potential.

Oxygen (O2 ) absorption and ionization cross-section data below the

wavelength of the first ionization potential is shown in Figure 6, which is a

plot of averaged results given by Watanabe 2 9 from data of Aboud, Curtis,

Mercure, and Rensel; Watanabe and Marmo 31 ; and Wainfan, Walker, and

Weissler 2 8 . Oxygen absorbs strongly between 1000 and 2000 A and has been

studied many times in this region; however, below 860 A, where the hydrogen

many-lived spectrum ends, the data is quite sparse. The oxygen ionization
0

continuum, beginning at 1027 A, rises more slowly than the nitrogen continuum.

It rapidly becomes larger below 800 A and is more intense than the nitrogen

continuum at its plateau level, rising to cross-section values of about 3 x 1017
2

cm . Over the 800-400 A wavelength region, where the strongest absorption

occurs, detailed information showing the structure of the continuum is not

available.

Atomic oxygen (0) and atomic nitrogen (N) cross-section measurements

are much more difficult because these species are not stable chemically,

but rapidly recombine at atmospheric pressures to form the molecular gases

02 and N2 . However, the data are quite important for upper atmosphere pro-

blems, because above some altitude near 110 km the atmosphere consists
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to 1350 A (reproduced. with permission, from Advances
in Geophysics)
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largely of a mixture of atomic oxygen and molecular nitrogen. This is the

result of dissociation of the oxygen molecule into oxygen atoms by

absorption of solar vacuum ultraviolet radiation in the Schuman-Runge con-

tinuum centered near 1450 A. At higher altitudes, it is believed that there

are appreciable amounts of atomic nitrogen as well.

There have been several quantum mechanical calculations of the total

absorption cross sections for these atoms. Figure 7 illustrates the results of

Bates and Seaton3 on atomic oxygen and atomic nitrogen. The atomic oxygen

absorption cross secdon is initially much lower than the atomic nitrogen

cross section, but the atomic oxygen curve eventually becomes larger when

higher excited-state thresholds are crossed. Other calculations by Dalgarno

and Packinson 12 cover a somewhat higher energy range. The calculations

do not provide information on details of the absorption curve, such as pre-

ionized absorption lines, which may be important in the upper atmosphere.

An experimental study of the atomic nitrogen absorption cross section

by Ehler and Weissler 1 4 , using nitrogen atoms created in a Phillips ionization

gauge, has given results close to the theoretical values.

To the best of our knowledge there have been no experimental measure-

ments of absorption cross sections for oxygen atoms. Therefore, it would ap-

pear that additional experimental work in this area would be highly desirable,

so that more reliable estimates of the importance of photoionization of atomic

species in the atmosphere could be made.

Nitrogen dioxide (NO 2 ) absorption and ionization cross sections re-

cently determined by Watanabe and associates 24 are shown in Figure 8. The

value of the ionization potential is much lower than previously thought. In

this case no vibrational structure due to nitrogen dioxide ion can be observed,

and the ionization and total cross sections are quite different at important
o

wavelengths, such as the Lyman alpha hydrogen atomic line (1215.7 A). The

break in the curve at 10. 83 ev is thought to be due to the following ion-pair

formation process:
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NO 2 + hv = NO + +0-

Dissociative ionization, as illustrated by (f.) in Table 3, may occur if

the energy of the photon is sufficiently large. The molecule is split into a

charged and an uncharged fragment which will affect its subsequent ionic re-

actions and eventual recombination as a neutral specie. In an experiment

which does not discriminate between the products, these processes will be

included in the ionization cross section. With mass spectrometric examina-

tion of the photoionization products, it is possible to separate these processes

and to assess their importance. Available data on oxygen and nitrogen are

shown in Figures 9 and 10, which are both due to the work of Weissler, Sam-

son, Ogawa, and Cook 3 5. The experiments indicate that these processes

occur to a negligible extent in both oxygen and nitrogen, and are therefore not

too important in the upper atmosphere.

In summary of the present data, it may be stated that the photoionization

cross section for atmospheric gases reaches values of about 1 or 2 x 10-17

cm 2 in the principal ionization continuum just above the ionization potential,

and that the cross section slowly decreases at lower wavelengths. Further

work will be needed to obtain better data in the wavelength region below 1000
0

A, where most of the transitions which maintain the earth's ionosphere occur.

Simple ionization, as in (c.) and (d.) of Table 3, appears to be the most im-

portant type of ionization process.

ELECTRON ATTACHMENT

Negative ions may be formed in the ionosphere by attachment of elec-

trons to electronegative atoms and molecules. This process leads to rapid

removal of electrons after sunset, when photodetachment is no longer able to

reverse the process and yield back a neutral specie and the electron. The

attaching electrons are at low thermal energies. However, most experiments

are done at somewhat higher energies because it is difficult to work at such

low energies.
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The electron affinity is defined as the decrease in energy occurring

when a neutral specie and an electron combine to form a negative ion; this

must be positive for the negative ion to be stable. Values for atmospheric

species are shown in Figure 11. The values are due to Branscomb, Burch,

Smith, and Geltman7 ; Burch, Smith, and Branscomb8 ; Phelps and Pack2 5 ;

and van Lint, Hammond, Parez, and Wikner 2 7 . The only species from

which to obtain stable negative ions in the ionosphere are atomic oxygen.

molecular oxygen, and nitrogen dioxide. For molecules, the electron affinity

refers to the ground vibrational states of the lowest electronic states of the

molecule and the molecular ion. However, applications of the Frank-Condon

principle to transitions between potential curves for the molecule and the

molecular ion lead to situations where the electron affinity differs from the

vertical detachment threshold and the radiative attachment threshold as dis-

cussed especially by Branscomb6 for 0 2 and 0 2 -.

The types of electron attachment processes which may occur and the

best available values for the rate coefficients are illustrated in Figure 12,

which contains data from Chanin, Phelps, and Biondi 9 ; van Lint, Wikner, and

Trueblood 27 ; Phelps and Pack 2 5 ; and Haaland I7 . Electrons may attach to

molecular species by a three-body process in which a third unspecified par-

ticle carries away the excess kinetic energy, by dlssociative attachment where

the excess energy is removed by rupturing a molecular bond, and by radiative

attachment where the excess energy is removed by emission of a photon.

For atomic species, three-body and radiative attachment can occur. Since

the measurements indicate that dissociative attachment occurs only at

electron energies above one electron volt, and since typical thermal energies

are around 0. 025 electron volt, the only processes to consider for attachment

to molecular oxygen are three-body and radiative attachment. Since the rate

of the three-body process varies as the square of the pressure while the

radiative process rate varies as the first power, the amount of recombination

occurring by the latter path will become larger at higher altitudes and will

finally become the only attachment process. On the basis of the indicated

measurements, the three-body process is more important below roughly 100

km and the radiative process is more important above this altitude. In addi-

tion, it is only above these altitudes that there is an appreciable concen-
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O 1.465 * .005 Branscomb, Smith

02 0.15 * 0.05 Burch, Smith and Branscomb

0.46 * 0.02 Phelps and Pack

N very small or negative

N2 very small or negative

NO Larger than 0 value Branscomb, Smith; van Lint
2 "very large" 'fammond, Perez, Wikner

Figure 11. Electron affinities of atmospheric constituents

Three-body:

e+ 2 02 = 02 " + 02 2.8x 10- 30 cm 6 sec Chanin, Phelps.
T = 300 OK Biondi; van Lint,

Wikner, Trueblood
Dissociative:

e + 02 = 0 + 0 only above I volt Chanin, Phelps.
20"12_10 -11 at 1-4 volt Biondi

Radiative: 0- 1-18 3 -
e+0 2  = 2 + hv 2 x cm 3 sec Phelps and Pack

T = 230 °K

Radiative:
e + 0 = 0" + hy 1.3 x 10"15 cm 3 sec "  Haaland from

data of Branscomb

and Smith

Figure 12. Electron attachment process
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tration of oxygen atoms, which has been calculated to have a radiative attach-

ment rate coefficient three orders of magnitude larger than the value for

molecular oxygen. Useful future research in this area would be the develop-

ment of new experimental techniques to study the attachment processes at

low electron energies in atomic and molecular oxygen.

One of the most intriguing results of upper atmosphere mass spectro-

metric experiments is the discovery 20 that a negative ion of mass 46, assumed

to be NO 2 " is in much greater abundance than any other negative ion. Sev-

eral other laboratory observations have indicated that NO 2 may be a very

stable molecular ion. For example, the photodetachment experiments of

Branscomb 5 and associates found such an ion in discharges producing negative

atomic oxygen ion, but the electron could not be photodetached by the visible

radiation available. This seems to establish the ion as more stable than the

negative ion of atomic oxygen, since the oxygen ion could undergo photodetach-

ment in this apparatus.

It has been difficult to obtain more information about the negative ion of

nitrogen dioxide and its mechanism of formation in the upper atmosphere.

Experiments by Fox 1 5 have shown that it does not appear to form by direct

attachment. The main process yields 0" at electron energies above 1.35 volt.

The ion is also observed to be formed during the thermalization of 25 Mev

electrons in experiments done by van Lint, Hammond, Parez, and Wikner 2 7 .

These investigators find that the attachment cross section is large and that

the attachment mechanism is complicated. Additional work in this area

would be desirable in order to understand how this unusual triatomic

molecular ion is formed in the upper atmosphere. It is possible, of course,

that the ion is the most stable product of a series of charge transfer and other

ion reactions, but available data do not yet allow detailed calculations.

2. Conclusions

It is apparent, after surveying the information presently available, that

more laboratory research on these processes is vitally needed. This informa-
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tion is necessary to properly utilize data from vehicles, and thereby better

understand the earth's upper atmosphere. Applications of many kinds follow

close behind fundamental knowledge in these areas.

In general, the research goals for ion formation cross section experi-

ments should include several types of studies. The wavelength range should

be extended and studied with continuum light sources down to the x-ray region
0 0

below I A. This region begins at about 1650 A, the lowest wavelength of the

well-known hydrogen continuum. High resolution studies of photoionization

thresholds to allow a better theoretical understanding of photoionization pro-

cesses, and accurate data on autoionization peaks to allow estimates of their

lifetimes should also be studied with continuum sources. Methods for study-

ing reactive atomic species must be developed. Pressure effects on absorp-

tion coefficients in molecular bands must be known. Research into experi-

mental techniques may involve studies which are, of necessity, rather far

removed from the immediate upper atmosphere applications, but which may

incidently lead to valuable results in related scientific areas.

Problems concerned with electron attachment processes include investi-

gations of all types on 02 and NO 2 . This would finally involve the location

of potential curves and surfaces which would, of course, provide the energy

quantities such as the electron affinity. It seems desirable to develop new

experimental techniques to measure these rate coefficients, so that more

confidence may be placed in the results. The excited and metastable states

of positive and negative ionq must be considered. There are, of course, many

related problems involving other processes, such as the mechanisms by which

the observed atmospheric concentrations are produced.

Progress in the above areas must also involve periodic comptutations of

theoretical atmospheric concentrations, so that the areas of highest priority

may be studied. This, of course, again involves values of parameters for

many other types of reactions among ions, photons, electrons, atoms, and

molecules. Present GRD in-house and contractual programs, among others,

plan to continue to yield cross sections and rate coefficients for these purposes.



24

References

1. Aboud, A.A., Curtis, J. P., Mercure, R.. and Rense, W.A., J. Opt.

Soc. Am. 45: 767-8, (1955).

2. Astoin, N. and Granier, J., Compt. rend. 244: 1350-3, (1957).

3. Bates, D. R. , and Seaton, M. J. , Monthly Not. Roy Astron. Soc. 109:

698-704, (1949).

4. Bates, D. R., "The Earth as a Plant" , Kuiper, G. P. . Editor, Univ. of

Chicago Press, 576-643, (1954).

5. Branscomb, L. M., "The Threshold of Space", Zelikoff, M., Editor,

Pergamon Press, New York, 101-10, (1957).

6. Branscomb, L. M., Adv. in Elect. and Elect. Phys. 9: 43-94,(1957).

7. Branscomb, L.M., Burch, D.S., Smith, S.J., andGeltman, S., Phys.

Rev. 111: 504-13, (1958).

8. Burch, D.S., Smith, S.J., and Branscomb, L.M., Phys. Rev. 112:

171, (1958); see also Errata, Phys. Rev. 114: 1652, (1959).

9. Chanin, L. M., Phelps, A. V., and Biondi, M.A., Phys. Rev. Letters

2: 344, (1959).

10. Chapman, S., Mem. Roy. Meteorol. Soc. 3: 103-125, (1930); Phil.

Mag. 10:369-383 (1930).

11. Curtis, J.P.. Phys. Rev. 94: 908-10, (1954).

12. Dalgarno, A., and Parkinson, D., J. Atm. Terr. Phys. 18: 335, (1960).

13. Ditchburn, R.W., "Rocket Exploration of the Upper Atmosphere," Boyd,

R. C.F. and Seaton, M.J., Editors, Pergamon Press, 313-
326 (1954).

14. Ehler, A. W., and Weissler, G. L., J. Opt. Soc. Am. 45: 1035-43,

(1955).

15. Fox, R.E., J. Chem Phys. 32: 285-7, (1960).

16. Granier, J.. and Astoin, N., Compt. Rend. 242: 1431-3, (1956).



25

References (Cant)

17. Haaland, C. M., "Important Reactions for the Ionized Chemosphere",

ARFDA - 28A, Armour Research Foundation, November, 1960.

18. "Handbook of Geophysics!'. Revised Edition, The Macmillan Company,

15-8, (1960).

19. Inn, E. C. Y., SpectrochimicaActa.?: 65-87, (1955).

20. Johnson, C. Y., Meadows, E. B., and Holmes, J. C. , J. Geophys. Res.

63: 443 -444, (1958); see also Johnson, C. Y., and Heppner,

J. P., ibid. 61: 575, (1956); Johnson, C. Y., and Meadows, E.

B., ibid. 60: 193-203, (1955); Johnson, C. Y.. and Heppner,

J. P., ibid. 60: 533. (1955).

21. Marmo, F.F., J. Opt. Soc. Am. 43: 1186-90, (1953).

22. Mitra, S. K. , "The Upper Atmosphere", Second Edition, The Asiatic

Society, Calcutta. (1947).

23. Moore, C. E. , "Atomic Energy Levels", Nat. Bur. Standards (U.S.),

Circ. No. 467, (1949).

24. Nakayama. T., Kitamura, M.Y.. and Watanabe. K., J. Chem. Phys.

30: 1180-86, (1959).

25. Phelps, A. V., and Pack, J. L., Phys. Rev. Letters, 6: 111-3, (1961).

26. Sun, H., and Weissler, G. L., J. Chem. Phys. 23: 1372-3, (1955).

27. van Lint, V. A.J.,. Hammond, R. H. . Parez, J. , and Wikner, E. G. ,

Bull. Am. Phys. Soc. 5: 503, (1960).

28. Wainfan, N.. Walker, W. C., and Weissler, G. L., Phys. Rev. 99:

542-9, (1955).

29. Watanabe. K., Table XII of Reference 6, P. 186.

30. Watanabe, K., J. Chem. Phys. 22: 1564-70, (1954).

31. Watanabe. K., and Marmo, F. F., J. Chem. Phys. 25: 965-71, (1956).

32. Watanabe, K., Advances in Geophysics, 5: 153-221, (1958).



26

*tftens (Cont)

33. Weissler, G. L., Lee. P., anid Mohr, E.I.. J. Opt. Soc. Am. 42: 84-

90, (1952).

34. Weisaler, G.0., " Handbuch der yie, Flugge, S.,* Editor, Volume

21, 304-382, Springer (1956).

3 5. Weiasler, G. L., San~on. J. A. R., Ogawa, M. , and Cook, G. R. , J.

Opt. Soc. Am. 49: 338-49, (1959).

36. Worley, R.E., andJenkins. P.A., Phys. Rev. 54: 305, (1938);

Wnrlev. R.E., ibid. 64: 207, (1943).



GRD RESEARCH NOTES

No. 1. Contributios to Stratospheric Meteorology, edited by George OAring, Aug 1958.
No. 2. A Bibliography ?f the Electrically E.ploded Wire Phenomenon, F. G. Chace, Nov 1958.
No. 3. Venting of Hot Gases Through Temperature Inversions, M. A. Estoqae, Dec 1958:
No. 4. Some Characteristics of Turbulence at High Altitudes, M. A. Eatoque, Dec 1958.
No. 5. The Temperature of am Object Above the Earth's Atmosphere, Narden H. Seavey, Mar 1959.
No. 6. The Rotor Flow in the Lee of Mountains, Joachim Kuetmer, ans 1959.
No. 7. The Effect of Sampler Spacing on Basic Analyses of Concentration Data, Duane A. Hauges,

Ian 1959.
No. 8. Natural Aerosols and Nuclear Debris Studies, Progress Report I, P. 1. Drevisky, C. E.

lme, I. H. Blifford, fr., N. I. Kalkstsin and E. A. Martel; Sep 1958.
No. 9. Observations on Nickel-Bearing Cosmic Dust Collected in the Stratosphere, Herman Yagoda,

Mar 1959.
No. 10. Radioactive Aggregates in the Stratosphere, Rerman Yagoda, Mar 1959.
No. 11. Comments on the Ephemerides and Constants for a Total Eclipse of the Sun, R. C. Cameron

and E. R. Dyer, May 1959.
No. 12. Numerical Experiments in Forecasting Air and Soil Temperature Profiles, D. IV. Steven,

/Jn 1959.
No. 13. Some Notes on the Correlation Coefficient, S.M. Silverman, May 1959.
No. 14. Proceedings of Military Geodesy Seminar, December 1958, Air Force Cambridge Research

Center (V), edited by 0. F. Wiliam, Apr 1959. (SECRET Report)
No. I. Proceedings of the First Annual Arctic Planning Session, November 1958, edited by JosepA

H. HartrArm, Apr 1959.
No. 16. Processes for the Production and Removal of Electrons and Negative Ions in Gases, S.M.

Silverman, Jun 1959.
No. 17. The Approximate Analysis of Zero Lift Trajectories, Charles. Hodlt, Aug 1959.
No. 18. Infsared Measuring Program 1958 (IRMP 58) - Activities, Achievements, and Appraisal (U),

M.A. NqeL.JI 1959. (SECRET Report)
No. 19. Asifleial Radioactivity from Nuclear Tests up to November 198, E. A. Martel, Sep 1959

No. 20. A Preliminary Report on a Boundary Layer Numerical Experiment, M.A. Estoque, Oct 1959.

No. 21. Recent Advances in Contrail Suppression, (U), S. 1. Biratein, Nov 1959. (CONFIDENTIAL
Report)

No. 22. A Note Comparing One Kilometer Vertical Wind Shears Derived from Simultaneous AN/GMD-lA
and AN/Gib0-2 Winds Aloft Observations, H. A. SaLmela and N. Sissenwine, Oct 1959.

No. 23. Atmospheric Refraction of Infrared Radiation, T. P. Condron, Oct 1959.

N.. 24. Natural Aerosols and Nuclear Debris Studies, Progrese Report II, M. I. K(lktein, P. 1.
Drevinsey, E. A. Martell, C. V. Chapm, 1. E. Manson, and C. E. lunge, Nov 1959.

No. 25. Observations of Jupiter Missile Re-Entry, (U), R. G. Falker, R. E. EUi and R. E. Hunter,
Dec 1959. (SECRET Report)

No. 26. Space Probes and Persistence of Strong Tropopause Level Winds, H. SaLmeLa and N.
Sisseamuime, Dec 1959.

No. 27. A Relativistic Treatment of Strong Shock Waves in a Classical Gas. A. F. Guess, Dec 1959.
No. 28. Measurements of Flux of Small Extraterrestrial Particles, H. A. Cohen, Jan 1960.

No. 29. Proceedings of the Second Annual Arctic Planing Session, October 1959, edited by Vivian
C. Bushnel, Dec 1959.

NQ. 30. Atmospheric Pressure Pulse Measurements, (U), Elisabeth F. lliff, /an 1960. (SECRET
Report - Formerly Restricted Data)



GRD RESEARCH NOTES (Contiusd)

No. 31. A Discussion of the Calder Equation for Diffusion from a Continuous Point Source,
F. P. Elliott, May 1960.

No. 32. Lugrangian and Eulerian Relationships in the Absence of Both Homogeseity.and Tim
Steadiness, N. L. Barad and D. A. Haugen, May 1963.

No. 93. Thermal Radiation from Rocket Exhausts at Extreme Altitudes, (V) R. G. Walker, R. E. Hunser,
and 1. T. Neu, /on 1960. (SECRET Report)

No. 34. Thermal Radiation Measurement from an Aerobes Hi Research Rocket, R. G. Walker, and
R. E. Runser, Dec 1960.

No. 35. Additional Note - Strong Vertical Wind Profiles ad Upper-Level Maximumi Wind SpeedsOver
Vandenberg Air Force Bae, H. A. Salmela and N. Sieenwiae, May 1960.

No. 36. Contributions to Satellite Meteorology, Vol. I., edited by W. K. Fidger, Jr., In 1960.
Vol. U., edited by F. R. Valocia, Apr 1961.

No. 37. IRMP Participation in Operation Big Arm o- Activities, Results and Appraisal (UA Final Report,
M. R. Nagel, et at, JIn 1960. (SECRET Report)

No. 38. Examples of Project Tiro. Data and Their Practical Meteorological Use, f. K. fidger, Jr.,
July 1960.

No. 59. Exploration of the Ionosphere with Telemetering Monochromators and Retarding Potential
Analyzers, H. E. Hinteregger, Aug 1960.

No. 40. Proceedings of the Second Annual AFCRC Seminar on Military Geodesy, edited by
T. E. Viriasen, (SECRET Report) Nov 1960.

No. 41. Tangential Velocity Measurements - An Independent Approach to Geodesy, B. C. Murray and
N. H. Dieter, Sep 1960.

No. 42. Topographic Charts at One-Degree Intersections for the Entire Earth, L. Berkofaky and
0. A. Bertond, Sep 1960.

No. 43. Cosmic-Ray Menitoring of the Manned Sratolab Balloon Flights, Heruan. Yagoda, Sep 1960.
No. 44. Methods for the Evaluation of the Green's Function Arising in the Linear Barotropic

Numerical Weather Prediction Theory, L. Berkofsky, Nov 1960.
No. 45. Observation of Thor Missile Re-entry, (U) R. Ellia, Oct 1960. (SECRET Report)

No. 46. Background Measurements During the Inhered Measuring Program 1956 (IRM 56) (Unclassified
excerpts from the proeceedings of the symposium on IRMP-56), edited by Mas R. Nagel, Neu 1960.

No. 47. Wind Speeds from GMD-I Ascents Computed Electronically Compared to Plotting Board Results,
ff. A. Salmela, Oct 1960.

No. 48. The Numerical Solution of Fredholm Integral Equations of the First Kind, J. T. Jefferiee and
F. Q. Orrall, Nov 1960.

No. 19. Infrared Spectra of High Altitude Missile Plumes, (U), Li. R. E. Hunter, Jan 196). (SECRET Report)

No. 50. Aids for Computing Stratospheric Moisture, Murray Gutnick, /an 1961.
No. 51. Saee Applioation of the Mathod of Least Squares to Estimating the Probs dihy of a

Future Event. . A. Lund, Jan 1961.
No. 52. Winds and Circulations in the Mesosphere, T. J. Keegan, Feb 1961.
No. 53. Gravity Observations Along the Northern Coast of Ellesmre Island, F. A. Crowley, Feb 1961.
No, 54. Radiation Studies from Nuclear Emulsions and Metallic Components Rucovered fomt Polar

Satellite Orbits, H. Yagoda, Mar 1961.



GRO RESEARCH NOTES (Continued)

No. 55. Proceedings of the Third Annual Arctic Planning Session, November 1960, edited by
G. Rigsby and l. Bushnell, April 1961.

No. 56. Horizontal Sounding Balloon Feasibility Study Maj. T. Spalding and S. B. Solot,
MVay 1961.

No. 57. Instability and Vertical Motions in the Jet Stream, !. P. Kueauner and G. S. McLean,
Mlay 1961.

No. 58. A Study of Sacramento Peak Flares II: Flare Areas and Importance Classifications,
(to be published).

No. 59. A Study of Sacramento Peak Flares 1: Distribution, Areas, and Growth Curves,
H. 1. Smith, April 1961.

No. 60. Hourly Rawinsondes for a Week, A. Court and !. A. Salmela. July 1961.
No. 61. Now Vacuum Ultraviolet Emission Continua in the Rare Gases, R. E. Hiuffman,

F. F. Hunt, Y. Tanaka, R. L. Novak, and ]. C. Larrabee, July 1961.
No. 62. Bibliography of Lunar and Planstarv Reseerchi - 1960 (With Annotations), 1. F. Salisbury

and L. T. Salisbury, iul 1961.

No. 63. Flight Information and Experimental Results of Inflatable Falling Sphere System for
Measuring Upper-Air Density, C. A. Faucher, R. F. Procunier and C. N. Stark, Aug 61.

No. 64. Maximum Winds and Missile Responses, H. A. Sarila and A. Court, Aug 61.

No. 65. Meteorological Evaluation and Application of Rainfall Radioactivity Data, Per B. StorebO,
Aug 1961.

No. 66. The Formation of Ions in the Upper Atmosphere, R. E. Huffman, (to be published).

No. 67. Studies in Lunar Topography, Zdenek Kopal, (to be published).

No. 68. An Example of Chromospheric Striation Obscuration by a Great Flare, H. J. Smith and
W. D. Booton, Aug 61.

No. 69. A Numerical Method for Computing Radiative Temperature Changes Near the Earth's
Surface, I. P. Elliott and D. W. Stevens, Sep 61.

No. 70. Location of a Lunar Base, 1. F. Salisbury and C. F. Campen, Jr., (to be published).

No. 71. kicrometeorite Collection from a Recoverable Sounding Rocket, R. K. Soberman, et aL,
(to be published).

No. 72. Micrometeorite Measurements from the Midas II, (1960 Zeta 1) Satellite, R. K. Soberman
and L. DelLa Lucca, Noo 61.



tt "o

>,g4

-a P

od~ biA0% wI

-. L .Z! V

0 Z - . Z 0 Ci Id wC~~ '.
ON mHVS5 0

k. 0 Ul W. 0 AL k tw.

- c. EI -j C%? b

R~~ -=8 0 :2~ ~r

~~l U oo: .. 0

0a. a'

X, -. S

~~~ a 2 u US~

<coz ww



. . . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . ..U. .*. . . .


